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I Introduction

Muddy coasts are found throughout the world (e.g. Healy et al., 2002). Some of these coasts
are characterized by permanent extensive thick mud deposits, covering part of the hinterland
(coastal plain) as well, as in the larger Mississippi delta, including Louisiana coastal system,
and the larger Amazon delta, including the Guiana's. Elsewhere the mud deposits are found
predominantly offshore, as in Kerala, India; at some locations migrating to the shore
occasionally, as at Cassino Beach, Brazil.

A spectacular phenomenon occurring in muddy coastal systems is the damping of incoming
waves, sometimes to a degree that locally completely still water zones are formed (e.g.
Gade, 1958; Kurup, 1972). For instance, Tubman and Suhayda (1976) carried out
measurements in 1976 in the East Bay near the Mississippi mouth at two stations at 20 and
3.5 m water depth and 3.5 km apart. The bed consists of thick layers (several 10 m) of soft
mud with a strength close to the liquid limit (1.75 - 2.36 kPa). From a simple estimation
ofthe wave damping to be expected by bed friction only, they concluded that the wave
height was dissipated within the soft mud by about 50% over this 3.5 km trajectory.

Recently, Sheremet and Stone (2003) analyzed five day wave measurements in early 2001
at two stations located at the 5 m isobath in the larger Atchafalaya Bay. One station was
located above a sandy seabed, and the other over a muddy seabed. Though these stations
were 150 km apart, the local bathymetry, incoming wave conditions and local wind climate
were so similar that a comparison of wave heights at these stations is meaningful. They
observed considerably lower wave heights (more than 70% smaller) at the muddy site in
comparison to the observations at the sandy site. This damping of wave height is again
attributed to dissipation of wave energy in the mud layers. Moreover, they observed wave
damping throughout the entire energy spectrum, which is unexpected as one would expect
that the smaller waves would not be affected as much by the muddy seabed.

Wells and Kemp (1986) measured wave heights in the coastal area of Surinam at three
stations at 7.1, 4.7 and 3.1 m water depth approximately 21.1, 11.7 and 4.3 km off the
coast, respectively. This coastal area is characterized by thick layers of Amazon mud
(thickness exceeding a few 100 in). They observed 88% and 96% dissipation of the wave
energy traveling from the most seaward monitoring station towards the shore. It is noted
that also in this case dissipation over the entire energy spectrum was observed, though the
longer waves dissipated most.

Conceptually, wave damping over muddy beds is characterized by a sequence of events.
First, small elastic deformations are generated within the muddy seabed by the cyclical
stresses induced by incoming waves. At a moment, these stresses may exceed the strength
of the bed, and internal failure occurs resulting in liquefaction of (part of) the seabed. This
can be a fairly rapid process (i.e. of the order of tens of seconds, up to a few minutes at
most, e.g. Foda and Zhang (1994); Lindenberg et al., (1989)), but this is not always the
case. The bed can then be characterized as fluid mud. The incoming waves now generate
internal waves at the mud-water interface, which are dissipated by internal friction within
the fluid mud layer. More sediment may liquefy below this fluid mud layer, but this is not
likely because of two reasons:
* the fluid mud layer damps the waves, hence the stresses within the bed,
* earlier events (stress history) will limit the thickness of the bed that is sensitive to

liquefaction.

WI Defft Hydraulics I- I
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Hence, one may infer that the (maximum) thickness of the liquefiable bed is a
characteristic feature of a specific coastal system. This thickness is determined by the mud
properties and the wave climate, which together also determine the important stress history.
Moreover, erosion (entrainment) of the mud layer may occur and has to be accounted for
on a somewhat larger time scale.

The waves also induce horizontal stresses on the (fluid) mud layer, known as radiation
stresses. Hence, the fluid mud may move under the influence of waves, provided that the
stresses exceed the strength of the mud. If the mud cannot move, for instance when it is
attached to the shore, some set-up may occur as under normal wave conditions; however, no
data are available at present.

After passage of waves, the liquefied mud will completely or partly regain its strength. As
the mud has a very low permeability, liquefaction, wave damping, mud transport and
strength recovery take place under more or less undrained conditions, and the density of the
mud (water content) remains fairly constant.

In this report the development of a hydro-sedimentological model is proposed, which
contains the entire wave-mud cycle, i.e.:
1. Liquefaction of a muddy seabed by incoming waves during storm conditions,
2. Damping of waves by the liquefied mud,
3. Movement of the liquefied mud by the waves,
4. Strength recovery of the muddy seabed after passage of the storm.

Section 2 describes the set-up of this model and the rationale behind the various choices
that have been made. The physical-mathematical description of the various modules and
their implementation are presented in Section 3 and 4. Section 5 through 7 describe results
of the model simulations on the mud behavior at Guyana coast and at Cassino Beach. In
Section 8 the results are summarized and discussed and recommendations for further
developments and testing are given.

WL I Defft Hydraulics I -2
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2 Set up the model

We focus on the behavior of fairly old (i.e. years, but not centuries or more), non-
consolidating mud deposits, which liquefy frequently, i.e. of the order of once a year or
more often. The strength of these mud layers under quiescent conditions is of the order of
the Liquid Limit, or a bit larger. We do not consider very old and stable geological
deposits, as encountered on the continental shelf. This implies that liquefaction is a fairly
rapid process, i.e. liquefaction takes place in several 10 - 100 wave cycles, and not in many
1,000 to 10,000 characteristic for said geological deposits.

We also do not deal with very recent, soft deposits, so that strength recovery after the wave
events takes place without significant consolidation. This implies that the entire wave-mud
cycle takes place under undrained conditions, and that the dry density (water content) of
the mud remains constant.

We further assume that the mud deposits are more or less homogeneous, not containing
(thick) layers of sand or of other sediment. Furthermore, our approach will be limited to
situations where the thickness of the liquefiable mud layers are small in comparison to the
water depth, so that the water movement itself is not largely affected by the behavior of the
mud layers, apart from a reduced interfacial friction.

These assumptions imply that the wave-mud cycle can be modeled with a two-layer
approach, as the interface between the liquefied mud layer and the overlying water column
will be very stable because of the large density difference between the two fluids.

The effect of viscous wave damping over fluid mud will be implemented in SWAN. This
model requires input of the thickness, extension, density and viscosity of the fluid mud
layer, and of course information on bathymetry, incoming waves and wind stresses to
compute locally generated waves. The important feed-back between incoming waves and
the mud bed (liquefaction, damping, traction, consolidation) has not yet been accounted for.
We propose to model liquefaction of the fluid mud, its movement and the consolidation
after the wave events, and the feed-back with the waves (SWAN) within the DELFT3D-2L
FLUID MUD MODEL. This model is currently incorporated as a special in the standard version
of DELFT3D. A detailed description of the model can be found in the User Manual (Wang
and Winterwerp, 1992) and in Winterwerp et al. (2003). This model consists of three layers
(e.g. Section 3.1):
* an upper layer, the water layer, which may contain dilute suspensions of mud, and

which is modeled in three dimensions,
* the depth-averaged fluid mud layer in which the sediment concentration is assumed to

remain constant,
* the bed layer (consisting of sand or well-consolidated mud, which can be eroded and

can store mud.

WL Delft Hydraulics 2-I



Modeling of mud-wave interaction Z3672 November 2007

Mud-induced wave transport & wave-induced mud
transport Implementation in DELFT3D

Fig. 2.1: Sediment balance in DELFT3D-2L FLUID MUD MODEL.

Fig. 2.1 presents a sketch of the mass balance of the 2L model and Fig. 2.2 presents a sketch
of the momentum balance, in x-direction only for simplicity.

Fig. 2.2: Momentum balance in DELFT3D-2L FLUID MUD MODEL.

A detailed description of the existing DELFT3D-2L FLUID MUD MODEL is given in Section
3.1. Extension of the model will be carried out in small steps to guarantee testable sub-
products, not only to test the model implementations themselves, but also the
mathematical-physical concepts, as these are new to a large extent. The proposed phasing
is described in Table 2.1, including reference to the sections with further details. Column 3
summarizes the material properties of the liquefied that have to be specified by the user: in
Phase 1 and 2, the thickness and extension (x,y) of the mud layer, its viscosity/u, strength
rB and density p have to be prescribed. Thickness and extension of the mud layer is
modeled in Phase 3 of the model development, whereas the rheological parameters of the
mud are modeled in Phase 4.

Table 2.1: Phasing of the model set-up.
Phase physical process for the given physical see

parameters Sections
I mud-induced wave damping (x,y), /t, rB, p,. 3.3 & 5
2 wave-induced mud transport Ax,y), Au, TB, Pm,, 3.4 & 6
3 wave-induced liquefaction , , p,, 3.5 & 7
4 strength recovery after P 3.6

storm

WL Delft Hydraulics 2-2
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3 Model development

3.1 The 2L FLUID MUD MODEL

Fig. 3.1 presents a sketch of the DELFT3D 2L FLUID MUD MODEL and the definition of the
parameters used.

- - .- - .- - -. - -. - -- --. A.- -. - -- -- - - - - -- -- - -- - -- -- --.. . . .. . . ..

-- -- - -- U11, P, V, VTI non-visc.ous water layer (1)

s 2

viscous mud layer (2)
Zb 70,

consolidated bed x

Fig. 3.1: Definitions ofparameters in DELFT3D-2L FLUID MUD MODEL.

The three-dimensional water movement and sediment transport in the upper layer,
containing dilute suspensions of mud are implemented in the 2L FLUID MUD MODEL. We
assume a hydrostatic pressure distribution, simplifying the vertical momentum equation. We
use Einstein's summation convention, and the continuity equation for water reads:

ul = 0 (i = 1,2,3) (3.1)
Oxi

where ui(x,y1,z,t) is the three-dimensional velocity vector. The vertical velocity 113 follows
from closure of the three-dimensional continuity equation. The momentum equation reads (i
&j = 1,2):

O. Ou, gh Op OZ , 0 O+
a e,J u, + + g + V +
Ot IO ax, f 2p ax, Ox. Ox. Ox. (3.2)

ph z ph =z,

where i = 1,2 (i.e. xy - see Fig. 3.1), eijk is the permutator, f= Coriolis parameter, Z, is
either Z,, if fluid mud is present, or Zb if no fluid mud is present. Subscript -,, -,, and "b refer
to water surface, water - fluid mud interface and bed, respectively. Further, v = kinematic
viscosity and the eddy viscosity VT follows from the standard turbulence model within
DELFT3D (for instance the k-c model), which is not treated here.

WL Delft Hydraulics 3- I
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The mass balance for suspended sediment reads:

ac + a( i - 153w ) ._ a r(D + r,) a -D1= , + E,, Jz= (3.3)
at axa( a )

Where cj is the Kronecker delta, D = sediment diffusion coefficient and Fr is the eddy
diffusivity.
For the mass balance for salt the standard formulation in DELFT3D is used. The equation of
state accounts for effects of salinity (and temperature) only, not for the effects of suspended
sediment, i.e. p = p(S,).

The fluid mud is assumed to appear in patches, as sketched in Fig. 1 and 2, which can move
freely when tractive forces are large enough, both along and perpendicular to the coast (N.B.
this implies no wave-setup for the time being). The behavior of the lower, fluid mud layer
is governed by the momentum equation and the mass balance for sediment in the lower
layer; the latter simplifies to an equation for the layer depth, as the sediment concentration
in the fluid mud layer (bulk density) is assumed to be constant:

_+ _ D, ,,+E ,)C (3.4)
at ax

The momentum equation reads:

NMI_ a aZ5 + gAp(aZ,Z aZ, a2un-+ Umj aX-- i'k AUm.i +  --+ V,,, ----" +at ax, Pm .ax, ax, (3.5)

rzJ ' +z' =0

The bed shear stress is given by a Bingham-kind rheological model:

TZ [ r +i bPmU,j] u (3.6)

A pure Bingham model cannot be applied, as the Bingham stress would induce an erroneous
tractive force on the mud at small flow velocities. Therefore, we have added the relaxation
br,j, which has a value of about 105 - 106 s/m to obtain finite values of rz, in the rang of 0

< Um, < u,n,.e m/s. For instance, for b,., = 105 s/M, rZb varies linearly from rz, 'ot = 0 for

Um,.el = 0 to rZ'. = 0.99rz, at Um.riel = 1 mm/s. The stresses at the water-mud interface

read:

A, , U i

Z-i= 8 pui F (3.7)

The shallow water equations discretisized in the 2L FLUID MUD MODEL are solved with the
finite difference Alternating Direction Implicit (ADI-)method (Stelling et al., 1986) on the
staggered grid, sketched below. This staggering implies that the layer thickness at the

WL [ Delft Hydraulics 3-2
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velocity points has to be obtained by averaging depth and water level values from
neighboring points. This procedure was selected, as it allows for internal super-critical flow.
The thickness of the water layer h" for the velocity point uj+,.j for instance is presented in
equ. (3.8) as an example.

Z +Z Zb"- + Zb

i+ = 2 2

The flooding and drying procedure implies that the flow velocity is set to zero when
h," y< Ce, where gh is a user-defined threshold value. Such an inactive velocity grid point

becomes active again when h,. > 26h

A net flow into a computational box not necessarily implies positive water depth in the box
centre. Therefore an additional requirement has to be met: h'i > 0, where superscript 4I,

refers to the water level point. The depth at a water level point is given by:

If this would result in a non-positive water volume in an active computational box, the
procedure at this half-time step is repeated, but now with the computational box set dry. The
flow velocity is set to zero in the four surrounding velocity points.

j+V2 o I o 1 o

j - + +

h
Z, j-/o I o o

I Zb 
i- 2  i i+ 2  i+ 1

reference level u-velocity component
= v-velocity component

Definition of levels - see also Fig. 3 o = elevation of consolidated bed Zb
+ = water or fluid mud elevation Z,, Zn

The upwind scheme for super-critical mud flow implies that the mud thickness is defined as
a function of the mud flow direction. If u,,2.j > 0 (to the right in the sketch above), the
thickness of the fluid mud at this velocity point becomes = - Z , ,whereas for

i2< 0: = m - ,. At dry points the thickness of the fluid mud layer is

defined as a function of its slope, i.e. = Zm,1 - Z; for ZM, > ZM,n' and
(5i"Y, =. -l. Z,' I.

i+ Z,, 2b,, for Z n,,,. Note that mass is always conserved with this

procedure.

WL I Delft Hydraulics 3-3
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For the time integration the ADI-scheme is applied. For the one-dimensional case, the
continuity equation becomes:

- + = 0 (3.10)

At Ax

It can be shown (Stelling et al., 1998) that, for the upwind approach, positive definite water
levels are guaranteed if the Courant condition for velocity is met:

< (3.11)
Ar

3.2 Modeling water-bed exchange processes

The exchange of sediment at the interface between the consolidated bed and the dilute
suspension is modeled as follows:

Deposition from dilute suspension:

D 1_=zh = Tcz=z, (3.12)

Where W [m/s] = settling velocity of the mud floes in the dilute suspension and cz,

[kg/M3] is the suspended sediment concentration close to the bed.

Erosion by dilute suspension:

ErnI 7=ME(Tb T.,) for rb > Z (3.13)

where rb = bed shear stress, induced by currents and waves. The erosion parameter ME

[kg/m 2/s/Pa] and the critical shear stress for erosion rc,e [Pa] follow either from user input,
or are established through the formula by Van Kesteren (Winterwerp and Van Kesteren,
2004):

k6Cv3k,(P) 0 8 4  (3.14)

ME =k and r,10D 50

Where c, [m2/s] = the consolidation coefficient, is,0 [-] = initial (i.e. before swelling)
volumetric concentration of the solids in the bed (solid fraction), Pd,y [kg/M3] = dry density
in the bed, D50 [in] = median size of primary floc size in the bed, PI [%] = plasticity index,
and k, and k2 are tuning coefficients, if necessary.

The exchange of sediment at the interface between the fluid mud layer and the consolidated
bed and the dilute suspension is modeled as follows:

WLi Delft Hydraulics 3-4
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Deposition on fluid mud.-

D,, _=z. = W.c:=z. (3.15)

Where Ws [m/s] = settling velocity of the mud flocs in the dilute suspension and C:z,,

[kg/m3] is the suspended sediment concentration in the dilute suspension close to the fluid
mud layer.
Consolidation offluid mud

The consolidation rate is derived from Winterwerp and Van Kesteren (2004). where it is
shown that the vertical velocity ws of mud flocs in a consolidating bed with respect to a
Eulerian reference frame is described by:

A - A, .+ k Oi (3.16)
p,". gp,, Oz

Where 0 [-] = solid fraction (= Cm/p,, with c [kg/M3] = mass concentration), k [m/s] =

permeability and a-A' [Pa] = the effective or skeleton stress. We apply fractal theory to

establish k and j.:

2 2

k=Kk () 3-n, and a,k = K (t)3-n, ; j5=c/p (3.17)

Where n, is the fractal dimension, and Kk and Kp are coefficients to be determined from
consolidation experiments. Substitution into (3.16) and averaging over the fluid mud thickness
6yields (assuming that 0 does not, or only slowly varies with time and depth):

A-I KkKP

fv az = Kk +CC (0)3-n, + - cM (3.18)
6 p,, gp,

Typical values for the various parameters amount to: nt . = 2.5 - 2.7, Kk = 10-11 - 10-1 4 MS

and Kp = 107 
- 1010 Pa. This implies that for c = 100 - 300 kg/M3, Vc,,/C amounts to 10s' -

10-1 m/s, hence the rate of consolidation can be neglected in applying the 2L FLUID MUD
MODEL for the cases treated in this report. This agrees with our assumptions that the fluid
mud behaves as an undrained fluid.

Erosion by fluid mud

The same formula applied for the dilute suspension, i.e. equ. (3.13) can be applied for the
erosion of the consolidated bed by the fluid mud layer as well. We note that the flow
velocities of the fluid mud layer for the cases considered in this report are so low in general
(often within the laminar flow regime), that the erosion of the sub-soil may be negligible in
most cases.

WL I Delft Hydraulics 3-5
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Entrainment of fluid mud.

As mentioned above, the flow velocity of the fluid mud layer is very small in general, often
within the laminar flow regime. Erosion of the fluid mud layer therefore takes place through
entrainment by the turbulent water movements over the fluid mud layer, and the rate of
entrainment reads (Winterwerp and Van Kesteren, 2004):

0.:
W6= . +Ri. c,, (3.19)

Where u. [m/s] is the relevant shear velocity and Ri- the bulk Richardson number defined
as:

Rih = (Pm - p, ) ghR4 p.'u2 (3.20)

The shear velocity u* has a flow-induced component and a wave-induced component, as a
turbulent wave-induced boundary layer may develop at the interface:

u= Uj + U (3.21)

u;, =fU (3.22)

wheref = friction coefficient (fr 4 10-4), U = depth-averaged flow velocity in upper layer
(e.g. Delft Hydraulics, 1974), and for the wave-induced friction we follow Soulsby and
Clarke (2005):

, f,s U_,I_A
u*,, - 2 rb.- I with f,.s =0.0521Re- 187 

, Re= (3.23)
2 V

Where Uo,b,I = amplitude wave orbital motion and A = wave semi-orbital excursion.

3.3 Mud-induced wave-damping

The two-layer fluid mud model by Gade (1958) is modified a bit and implemented in the
SWAN-wave model. The SWAN-model is a two-dimensional fully spectral state-of-the-art
wave propagation model developed by Delft University of Technology (Booij et al., 1999;
Zijlema and Van der Westhuijsen, 2005). SWAN solves the balance equation for wave
action density N'(, 0) [M 2] per frequency or(= 2rt/T) and direction 0, which reads:

DN' = DE' S' S' Sb.+ S' (
Dt aDt a a a or

WL I Deft Hydraulics 3-6
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The wave action density N' is defined as N'= Elcl, where E'(C, O) [m2s] is the wave

energy density and the total wave energy is obtained by integration over frequency and
direction:

2xx

E= f fE'dadO (3.25)
0 0

The root-mean-square of the orbital velocity at the seabed uo,b and the standard deviation of
the water elevation ,) read:

2nx 0 .2  E' 1 E
"Orb = - da'd and -=- (3.26)

00 sinh{kh} gp 2 gp

and the significant wave height H1l,3 follows from E = pgH,-,/8 [J/m 2], as the first

moment and significant wave height are almost identical: H3 z Hmo. Note that within
SWAN the energy is divided by pg to yielding the energy density E [m2], which leads to the
other units given in these sections. In (3.24), S'(a, 0) is a source term per wave frequency

c-and direction 0 accounting for wind input, S' (aT, 0) is a sink term accounting for energy

dissipation by bed friction, white capping and depth-induced wave braking, S.,, (a, 9)

(with dimension [m2] in SWAN) is a sink term accounting for viscous dissipation in the mud
layer and S,', (a-, 0) accounts for non-linear wave-wave interactions. The first two and

fourth terms have been implemented in the standard version of SWAN and are not
elaborated here. The third term is modelled further to the two-layer approach by Gade
(1958), where we assume that Gade's approach is applicable per wave direction, and that
the individual solutions per wave direction may be added linearly. We note that the 2nd

term (losses by friction) becomes much smaller when mud-induced damping is relevant, as
the lower layer is now fluid (liquefied mud).

The material derivative D/Dt in equ. (3.24) contains advection of energy in geographical x-
y space (i.e. the sum of the group velocity Cg and (depth) mean flow velocity U), and the
propagation velocity in spectral ar-0 space. If we assume that U << Cg, only advection by
the group velocity remains.

Fig. 3.2 shows the lay-out of the two-layer system and the various definitions; the fluid
mud layer depicts a bounded internal wave. Free internal wave(s) in the fluid mud layer are
irrelevant for the current problem, as these are far too long, and are therefore not treated
here. It is important to note that this implies that the frequency C and (complex) wave
number k (= kr + iki) are identical for the upper water layer and lower fluid mud layer.
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ho non-viscous water layer (1)

viscous mud layer (2) 112
X

Fig. 3.2: Sketch of two-Iaerfluid mud system and definitions (ajier Gade, 1958).

Gade (1958) limits his analysis to shallow water waves and he assumes that the upper layer
is non-viscous, and that the waves are sinusoidal and small compared to the water depth, so
that vertical accelerations can be neglected. Gade's model was extended by Dalrymple and
Liu (1978) accounting for vertical accelerations (so the model becomes applicable for short
waves as well) and a viscous upper layer; by De Wit (1995) accounting for vertical
accelerations; by MacPherson (1980) accounting for vertical accelerations and elastic
effects in the lower layer; and by Maa and Mehta (1990) accounting for elastic effects in a
multi-layered modelled fluid mud layer. Here, we follow De Wit (1995) as his approach
matches the next phase of our model development best. The two-layer system is then
described with the following set of equations for continuity (equ. (3.27) and (3.29)) and
conservation of momentum (equ. (3.28) and (3.30)) for the upper (subscript i) and lower
layer (subscript 2), respectively:

EOU I + awz =0 
(3.27)

au, +l_____!l=
au 1 ap, =0

at p, Ox (3.28)

N 1 + lI a p , -
& P,x g

=x . = =z (3.29)
a'T az _ _ _

au, 1 ap, 02U+ V m a Z2--
at p, xm z2 (3.30)

ow, 1 ap2

Ot p,. Ox

in which p, and P2 are the pressure in the upper and lower layer, tl and t2 are the horizontal
flow velocity in the upper and lower layer, wi and w2 are the vertical flow velocity in the
upper and lower layer with thickness h and , respectively, and v. is the (constant) fluid
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mud viscosity. The horizontal and vertical co-ordinate are given by x and z (note that x is in
the direction 0 of the waves), and t is time.

This set of equations is solved with the following boundary conditions:

* at free surface (zh + p = 0, (qi, = I, exp{i(kx-at)}) and w, = aq,/ot,

* at interface (z = ): OplOz = 0, Ou,/z = 0 and wl = Vt ='0)7 /1t, and

* at consolidated bed (z = 0): U2 = W2 = 0.

where a is the (real) wave frequency and k the complex wave number. Gade solved these
equations with the harmonic method, yielding complex wave number and amplitudes of
layer thickness and velocity (see also De Wit, 1995). Gade presented results for a uni-
directional, mono-chromatic wave field. However, in SWAN a formulation for the energy
dissipation Sb,m (a, 0) is required. The energy dissipation was obtained by Gade by

integrating the work done by the surface waves over the wave period. As said, the relevant
wave height was obtained from the harmonic solution of the set of equations (3.27) to
(3.30). Gade (1958) obtained the dissipation per unit area and unit time, averaged over a
wave cycle from the mean work (K) done by the surface waves on the internal waves per
unit area:

I1T dn IT((
W = -- dt - p t (3.3*)

0 dt T dt

Where p = the pressure and n = the normal vector to the interface, which is correct for ,,
<< 2,. Extending Gade's analysis'1 , assuming that superposition of the solutions is
allowed, the energy dissipation per wave frequency a-and direction 0 reads:

S'b.M (9,o') = aghoo-R q2sin { 0'- } E' (3.31)
ill

The complex wave number (k = k, +iki) follows from De Wit (1995):

Pm A-2  IITg

[P"-p°gk rk65 °- tanh{26 m'}Pm 0- " g-1j [- tanh {kh'°}-1 +

(3.32)

A0 - k tanh {2gL, -tanh{kh 0}]=0
P. I g t n 

______5____

where ,g =(1-i) -/2vm , from which kr, ki and their modulus R (=(kr ak)/-)

and argument (phase angle between water elevation and flow velocity) 0

(= 2atan{ki /kr }) can be computed (i.e. (k/a) 2 = Rexp{io}). De Wit (1995) showed

that (3.32) agrees with Gade's dispersion relation for shallow water waves. For one-layer

Note that Gade's paper contains a (typing)error in the elaboration of the energy losses: equ. (3.3 1)
should contain a a.

V& I Deft Hydraulics 3-9



Modeling of mud-wave interaction Z3672 November 2007

Mud-induced wave transport & wave-induced mud Impnton in DELFT31
transport

flow (water only), p,, = po and (5,o = 0, and equ. (3.32) reduces to the classical dispersion
relation O.2 = gk tanh kho .

The relation between the surface and internal waves follows from the ratio of their

(complex) amplitudes, which can be found from the ratio (w(z = Z)/w (z = ZJ) of
the vertical velocity at the water surface and interface, as only bounded internal waves are
considered. This ratio can be obtained from De Wit (1995) and yields:

w, = 12 e io a Se =2 (1l + ( Sinh I kho }1)2 ) -gk Sin h f kho I cos h I k ho }  (3.34)

Expanding (3.34) around kho = 0 with a Taylor series gives:

which for shallow water (kho << 1) degenerates to:

w2 - 12 e"O' =lI--, kho =lI- gho Il- ghoRe'O for kho <<l1 (3.36)
w , 17, o. " C

The modulus S and argument Of from equ. (3.34) have been obtained with MAPLE and
read 2):

C 4s2 = (gkr sin hok cosh hkr + gk, cos hok, sinh hok , -_a 2 sin hok, sinh hk )2 + (337

+ (gkr cos hok, sinh hok, - gk, sin hoki cosh hok, -a 2 cos h0k cosh hok, j _)
tan 0' = (gk, cos hok, sinh hok,. - gk, sin hok, cosh hokr,- c2 cos hoki coshhokr)/ (3.38

(gk, sin hoki cosh hokr + gk, cos hok, sinh hok, - a 2 sin hok, sinh hok,) j_ )

Hence, as 0 < 10'1 and O' < 0 is always true, Sb. > 0 (e.g. Gade, 1958).

It is noted that our analyses show some inconsistencies in the dispersion relation and
the other relations, which may be the result of an error in the dispersion relation. This
is being checked at this moment. The dispersion relation may therefore have to be
altered in the near future.

2' Note that Gade's relations for Sand 0' read: R =(k2 +k )/ (- and 0' = 2atan{k /k }
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The mud properties &,(x,y), pm, and v,, follow from measurements or the models presented
further in this paper. Finally, we have added an extra calibration coefficient a in (3.31) to
account for possible non-linear effects allowing a better tuning of SWAN to the
observations, if necessary.

Gade (1958) and Dalrymple and Liu (1978) found that maximum wave attenuation occurs

when the thickness of the fluid mud layer amounts to about 1.3 times its boundary layer

thickness Am (= oi2v,), which agrees well with Gade's laboratory observations (see

also Section 5).

3.4 Wave-induced mud transport

In this section a model for wave-induced mud transport is derived. It can be shown that the
tractive force by wave-induced interfacial drag is small compared to the forces by the
radiation stress. Only the effects of radiation stress are therefore accounted for.

Here we apply a right-handed co-ordinate

system with positive z-axis (x3-axis) g (X2) direction wave
positive upward. Waves travel at an angle propagation

0 with the positive x-axis. Note that x1 is
not necessarily perpendicular to the coast."v .+ 0

x (x,T

Longuet-Higgins (1953, 1958) has shown through a simple momentum balance that
momentum losses by bed friction in the wave boundary layer are compensated by a tractive
force, which has the form of the well-known Reynolds stresses. These stresses are
commonly referred to as radiation stresses and the tractive forces are known as streaming.

It can be shown (see equ. (3.41)) that the radiation stress (i.e. the wave momentum fluxes) is
proportional to the wave energy in the wave boundary layer. Therefore, any change in the
wave energy, for instance due to shoaling, bed friction, viscous damping, etc., must induce a
change in radiation stress, hence tractive forces. In cross-shore direction this accounts for
the well-known wave set-up, and in long-shore direction in the well-known long-shore
wave-induced currents, which can be quite large, in particular in the surf zone.

First, the more general case is treated. The hydrostatic momentum equation is averaged over
the wave period (e.g. Phillips, 1977)

Oua Oau , ap 1r asx e Ora,a =F O (3.35)
ata p p x a p OxP

Thus for instance in x-direction:

Oiu Ou Ou Ou 1 __S,__ + _S___

au + uOU + Vau + Wau + I. . (as"+(3.36)
at Ox Oy O p ax y)
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The wave-induced tractive force Fa is determined by the gradients in the so-called radiation
stress Sap. Here a and 83 (= 1, 2) correspond to the horizontal co-ordinates x and 'y only,
whereasj (= 1, 2, 3) corresponds to the co-ordinates x, y, z. The radiation stress tensor Sap is
given by (e.g. Mei, 1989; Dingemans, 1997):

=[S i =(ncos92 +n-112)E (ncososinO)E (3.37)

S= S S,. (ncos0sinO)E (nssin )E

where n = Cg/c = kr/O .do/dkr, Cg = group velocity, c = wave celerity. In case of clear

water, we find the common relation n=Cg/c=1/2 +k,.h/sinh{2krh}, from which, by

differentiating the normal xx-component to x, we find for instance:

as o+ _ -(Ecg cos0)+ a khE
& OxC ax Ox tanh{2kh} (3.38)

= a krhE +cos9 0a a ( khE cos 0 D-aitanh{2kh} h})"c

ax ax tanh {2krh)---

as aP,,/x + D = 0, where D = total dissipation rate per unit area. Hence, we find for the
gradient of the radiation stress tensor:

0 krhE DcosO Dcos9

' a, &Lsinh{ 2kh}j c c (3.39)
OxpDsinO a3{ krhE DsinO

cx , Ds:n9, sinh {2kh} } D

where c = phase speed (celerity), kr = wave number, h = water depth, E = wave energy

density (E =,pg I/ pgH 3), , = wave amplitude, H3 = significant wave height,

and O= angle between wave propagation and xi-axis.

The gradients in the normal component of the radiation stress generate a wave-induced set-
up (set-down) of the mean water level, whereas the shear component of the radiation stress
generates a tractive force. These terms should be added to the momentum equation of the
lower layer (3.5). Furthermore, wave set-up due to wave dissipation in the upper layer
induces an additional slope (4th term of (3.5)) - this effect however is already accounted for
in DELFT3D. To enable the modeling of the effects of the radiation stresses on the
momentum balance within the DELFT3D-concept, we apply the so-called GLM-approach, as
discussed by for instance Groeneweg (1999) and Walstra et al. (2000). This implies that the
momentum equation is re-written in the well-known Eulerian way, but the velocities
computed refer to the Generalized Langrangean Mean reference frame, and have to be
corrected for the Stokes' drift (see below).
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Hence, the momentum equation for the lower layer then reads (compare with equ. (3.5)):

OU lL allL L2 L__ ___'

- +UL Inv + L __M_ az gAP (z _,j-,

at Max ax "' a aX2(3.40a)

Ct +1 ++ fUm +g + A (Z,n -Z-v,.-- +

ay ,,+ -(- a (3.40b)
__ ',y rmZav av-I 'm z  'y  - 0

-rm. v -Ota_. ..v + 0=

Pm ' ', P. :ZZ PmJ Z=

where superscript L refers to the GLM reference frame. Note that the force induced by the
radiation stresses as6I/ ax,6 are computed within SWAN as the FORCE i;m.a (see below). It is

further noted that the wave field in the real world generally comprises a spectrum. SWAN
accounts for this spectrum by averaging wave number and wave period weighted for the
energy at a specific frequency. This approach is applied here as well. The mean real and
imaginary wave number kr and k7, mean wave frequency 5, mean wave direction 9,

mean wave celerity c = F=/k and mean value of the radiation stresses S,6 are defined

as follows:

2n -, 21t :

f= Jfa(9)E'(a-,0) d ado 0 JJE'(af,O) dad9 [S-'] TM01
00 /00

2x /2n x

kr = JJkr(o, ) E'(a, 0)ddo ffE'(a,9) dodO [M-'] WLENMR

0 0 /00

2nx 2nx

k,= fJk, (a,9)E'(r,) dcr d/ fE'(u,90) d ad 0 [m'] WLENMI
0 0 / 00

27 1 x2n

0 0

2nx

= S,,=pg J f(nsin0cosO)E'(a,O)dadO [J/m2 ] computed in SWAN
o 0

S, =pg fJ f(nsin 2 0+ n-1/2)E'(a, O) dod0
0 0

x ax ay a and rY - ax ay [Pa] FORCE

WI I Delft Hydraulics 3- 1 3



Modeling of mud-wave interaction Z3672 November 2007

Mud-induced wave transport & wave-induced mud Impnttion in DELFT3D
transport

Where n(o',O)=kr(o,O)/a(O).do'(O)/dkr(c',O). See Section 3.3 for definitions.
2,,

Note that the radiation stress S, = P fg J(n cos2 0 + n -1/2)E' (o, ) dod9, etc. in
0 0

the lower layer is not computed in SWAN and should be obtained from the ratio between the
total wave energy in the fluid mud layer En (c.q. E,.) and the total energy of the surface

waves E (c.q. E'), using relation (3.34). The same holds for the tractive force:

E - £ , hence r, r, (FORCE) (3.42)
Pll1  Pl,lI

The actual Eulerian velocity of the fluid mud layer follows from:

E L _USL =k U L En krU,=,* = U in ,LJ s j 0 ur kr"" , = k, cos9, kr,.= kr sin (3.43)

where superscript E and s refer to Eulerian reference frame and Stokes' drift, respectively.
The bed shear stress is related with the Bingham strength rB through a rheological model
(e.g. Section 3.6):

,'U L[ b5 -p m L )l re, 1. 2  (3.44)

and the stresses at the water-mud interface, assuming ul >> Uim

r.= -- PU Ut2 (3.45)

3.5 A criterion for liquefaction of the mud bed

In this section we propose a method to determine whether a mud bed liquefies and, if so, to
compute the thickness and the extension of the liquefied mud layer. This method should
include the liquefaction of the muddy seabed by waves and the strength recovering after the
waves in calm weather conditions. Moreover, the effects of stress history should be
accounted for. A model for strength recovery is proposed in Section 3.6.

At present, no complete theory exists. There is some theoretical work, based on the Biot
model (Sumer and Fredsoe, 2002; McDougal, et al., 1989) and some experimental work
(Alba et al., 1976) published, but none of the studies are complete and applicable to the 2L
modeling proposed here. Therefore, we propose a new method, which is partly based on
earlier work carried out at Delft Hydraulics (Van Kesteren and Cornelisse, 1995).

It is illustrative to discuss the stress/strength evolution in the bed first in a qualitative way.
Consider a flat seabed of well-consolidated mud. The vertical skeleton (effective) stress at a
certain depth is determined by the density and packing of the sediment and that depth. The
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lateral skeleton stress follows from the coefficient of lateral stress (or coefficient of earth
pressure at rest) Ko:

L2 = K0O03  
(3.42)

where o3 (f= Jpd,.gdz, with p, .(z) = dry density of sediment and z = depth into the soil) is
Z

the vertical principal skeleton stress and 01 and o2 are the two horizontal principal stress
components. The coefficient of lateral stress Ko is related to the angle of internal friction (p
through:

K (3.43)K o = - 2 1 - sin ((P)
1-v

where v is the Poison ratio. The stress conditions in the soil can be visualized in a - r
diagram, the so-called Mohr diagram, as depicted in Fig. 3.3, showing two circles of Mohr
at two different depths in the seabed, where a = normal stress and r is shear stress. For
simplicity, we draw the circles in one plane only. Note that we depict the skeleton
(effective) stresses. For water, K0 = 1 and or, (= o00) = o3 and the Mohr circles degenerate to
one point on the c0-axis; in case a represents skeleton stresses only, o (= ol) =07 0, of
course. In case of very fresh mud deposits, K0 = 0, and o, (= o) = 0.

Mohr's circles at two depths

Fig. 3.3: Skeleton stresses in an undisturbed bed (Morh 's diagram).

Next, let us depict the stresses in the seabed induced by regular waves with wave height H.
and wave number k and wave frequency co in x-direction. Then, the wave-induced water
pressure (we can omit the effects of the wave-induced bed-shear stresses, which hardly
generate stresses within the bed) on the seabed reads (Flamant - see Yamamoto et al., 1978;
Sumer and Freds0e, 2002):

pw=pgH cos(wgt-lkv-qt')

2cosh{kh} (3.44)

Where h the local water depth, and qo is phase angle. The amplitude of the stresses p, in an
elastic bed reads:
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pgH F F Gk 2 (

2cosh{kh} F-tanh{kh} Pwi 2 (I - (3.45)

where G is the elastic shear modulus. For the time being we assume non-elastic bed
properties (G = F = oo), e.g. Sumer and Fredsoe (2002), so that the stress amplitude
becomes p,, = pgH/2 cosh {kh}, and the total skeleton stresses within the bed read
(where superscript " refers to wave-induced stresses):

a0=a-"+ pd+JPd =gd= p, (l+kz)e-' cos(cot-V)+ fp,gdz'

, , 0 + Ko fp,,,gdz' p , (l-kz)e -' cos(wt-Vl)+K, fJp,gdz' (3.46)

a,za =a, = p,kze - sin(cot-V)

We have also added the effect of the isotropic stresses at depth z by the own weight of the
sediment, with pd,,.(z) = dry density of the sediment bed. Perpendicular to the waves in the
horizontal plane (y-direction), the normal stress is found from:

+0a- -+ KO fPd,gdz' = p,,e-k cos(wt-y/)+K JPd,,gd_' (3.47)" 2

If the wave-induced stresses are large enough, bonds between the floes in the bed will be
broken and the effective stress decreases and a water overpressure is building up. This is
sketched in Fig. 3.4, showing that the original Mohr circle of Fig. 3.3 (dotted line) shifts to
the left, as a3 and Ko become smaller (hence al decreases more than a03). We note that the
circle becomes larger as the shear stress increases, which is due to the fact that less bonds
have to carry the same stress. When the mud lies on a slope, partial liquefaction may be
sufficient to destabilize the bed (mud flow).

Because of the breakage of bonds, also the cohesion and angle of repose (0 (and thus Ko, e.g.
equ. (3.43)) decrease, resulting in a translation and rotation of the Mohr-Coulomb failure
envelope, as sketched in Fig. 3.4 by the dashed line. Note that we assume undrained
conditions, which is generally true for the conditions at which the 2L fluid mud model is
applicable (e.g. Winterwerp and Van Kesteren, 2004).

The wave-induced stresses, given in equ. (3.44) should be added as well to the stress
diagram of Fig. 3.4. This is done for one arbitrary time, indicated by the solid circle in Fig.
3.4 - basically a family of circles is found, depending on the phase of the wave. When a
critical number of bonds is broken, the mud bed fails and becomes fluid, and the circles of
Mohr become smaller and smaller as the fluid mud is no longer able to sustain considerable
shear stresses (we get a non-Newtonian fluid); the circles may even degenerate to a line on
the a-axis around the origin of the a-rdiagram if the fluid cannot sustain any shear stresses.
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Mohr's circle with wave-induced stresses

Fig. 3.4: Skeleton stresses induced by waves in a muddk seabed.

After passage of the waves, the mud can regain strength through a kind of consolidation
during which the bonds between the flocs are restored, under quite conditions. This is depicted
schematically in Fig. 3.5, showing that the stresses, angle of repose and cohesion are restored
(e.g. Section 3.6).

As said, the liquefaction process was considered to take place under undrained conditions, so
no water was expelled. However, in practice this may not be the case entirely, as a result of
which the sediment's bulk density may increase a bit. This implies that when all bonds are
restored again, the bed may become stronger than before the liquefaction process. This is
quantified by the so-called Over Consolidation Ration (OCR), which can be measured from
oedometer tests (Lambe and Whitman, 1979).

cohesion ( Ko=l_-sin(g))

Mohr's circle under strength recovery

Fig . 3.5: Skeleton stresses under strength recovery - no wave action.

In theory, the description above can be used to quantify the liquefaction behavior or
liquefaction potential of a seabed if we know how the skeleton stresses decrease with
number of wave cycles. The latter can be achieved through cyclical roto-viscometer tests or
cyclical triaxial tests. However, it is clear that the use of Mohr-circles is not very practical,
as they have to be drawn for each depth in the seabed and for each phase in the wave cycle.
Therefore, it is more common to visualize the stresses in the so-called p-q diagram, where p
is the isotropic stress and q is the deviatoric stress. A cyclical load then yields the stress path
depicted in Fig. 3.6, where the stresses follow typical butterfly paths. When the stresses
exceed the failure envelope, liquefaction can be expected.
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Fig. 3.6: Variation of shear stress and water pressure during cyclical shear tests on Haringvliet mud at various

shear angle amplitudes (Van Kesteren and Cornelisse, 1995).

In our model we make use of the observation that with the breakage of bonds, the water
overpressure rises with number of wave cycles. Full liquefaction is found after N[ cycles,
where Nf can vary between a few 10 cycles to many thousands (and more), depending on
the wave characteristics and the strength (history) of the bed, e.g. Sumer and Fredsoe
(2002). The results of experiments on granular material (sand) by Alba et al. (1976) are
depicted in Fig. 3.7 as an example, showing the so-called Cyclical Stress Ratio (CSR)
4(z)/po (z), i.e. the ratio of the amplitude of the stress deviator in the seabed and the

initial skeleton (effective) stress prior to liquefaction as a function of the number of wave
cycles and initial packing.

0.4 1 iIniii iII ll 1 IIII

ie 0.3

0.2- 82%-

l.- 54%

ii iil o ii iil o I 111 o
110 102Ne l

Fig. 3.7: Ratio of deviatoric stress and initial effective stress as aijnction of number of wave Cycles and initial

pack-ing D, = (em - em. - e,) , where e = void ratio.
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Van Kesteren (2000) carried out cyclical triaxial tests on sediments from the Orange River, the
results of which are shown in Fig. 3.8. The results suggest a power law relation between the
development of the deviatoric stresses and the number of wave cycles. Note that liquefaction
of the well-consolidated clayey-silt sample is only observed after about 60,000 cycles. As the
cycle period was set at 15 s, this would imply liquefaction after 10 days only. In contrast, the
sandy sample liquefies after about 10 cycles, which is in agreement with the observations of
Fig. 3.8.

.y ...............

---sWayer
1WeSP somleI 10

p-.45 kPa

silty sand layero.ol .. _. ... . . ...;! ! ' ? ! : : - ! -

QkPo_

0.001
0I1 1 10 100 1000 10000 100000

number of wavs.

Fig. 3.8: Ratio of deviatoric stress and initial effective stress as a.finction of number of wave cycles and fines
content.

These results suggest that we can establish the following criterion for failure of the bed, i.e.
liquefaction occurs when:

q acr=2saPo j ( or 1 N (3.48)
N Aa poI N,

Where N is the number of actual wave cycles, Nf is the number of cycles at which liquefaction
occurs, and a and 8 have to be determined empirically from cyclical triaxial tests at a number
of stress conditions. The clayey-silt sample of Fig. 10 would yield: a = 0.6 and /J= -0.24 (e.g.
Van Kesteren, 2000). The structure parameter 2s is discussed in Section 3.6; , varies between
0 and 1.

The isotropic and deviatoric stress follow from (e.g. Winterwerp and van Kesteren, 2004):

p = 1/3
(3.49)

q = DI - 3,9
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In which the stress invariants Ii are defined as:

I=o, + + =
(3.50)

as o = o= 0. After some algebra:

q .< , ± ± -7 + 3U2 (3.51)

And upon substitution of the wave-induced stresses into (3.46) we find for the total
deviatoric stress q and its amplitude 4, including the isotropic part:

q p= 5 P,k2z2e " + p,kze cos dz')

z

(3.5 1b)

+3- 
Ko) fPdrv gdz' )2 

1/ 2

Note that the dry bed density is kept constant, so that p,. (xy,z,t) = ,= const. The initial
effective (isotropic) stress po prior to liquefaction follows from substitution of (3.41) into
(3.49):

3( +o , + ) 2 K+lJp (333
Po= Io( + + Ko + fpd,gdz,

3(3.53)

Hence, we have derived simple explicit formula for the deviatoric and isotropic stress
varying with depth z into the seabed as a function of wave characteristics; at depth z = z,,,.it,
the inequality of relation (3.48) is met, and the bed fails. We assume that all sediment above
z,it becomes liquefied and behaves as a fluid. Hence, zci defines the thickness . of the
fluid mud layer in the 2L model.

The stress history of the bed, which can be quantified with the Over Consolidation Ratio
(OCR) can be modeled through a (equ. (3.48)). However, in the cases we are interested, at
which the fluid mud layer liquefies and regains strength frequently, the OCR will be close to
unity in general.

In case of irregular waves, a preliminary inspection of the wave spectrum is necessary to
assess which part of the spectrum is relevant for the liquefaction of the mud bed. This is in
particular the case when the spectrum contains two peaks, with a first peak generated by
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swell and a second peak generated by local wind. In general, the longer waves will be the
more relevant for the liquefaction of the waves. It is not obvious which wave conditions are
critical for liquefaction - this may vary from site to site, and possibly even at a particular
site. The larger waves generate the largest stresses, but do not occur frequently. Smaller
waves generate smaller stresses, but occur more frequently. Therefore, we anticipate that the
mean wave height and corresponding wavelength and period are the dominant waves with
respect to liquefaction.

As an example, the CSR is plotted in Fig. 3.9 for various wave characteristics. We have also
plotted a hypothetical critical stress ratio (/p),., I assuming that all the mud above the

level where the actual stress level exceeds said critical value becomes liquefied. As we
assume that liquefaction takes place in a time period which is short compared to the overall
storm period, we are not concerned with the time necessary for liquefaction, i.e. we do not
take into account the number of wave cycles. The critical stress ratio (4/p). has to be

assessed experimentally, i.e. through cyclical triaxial tests.

0

L-2 iquefied layer

h H TK 0
-10 0.3 10 0.5

10 02 10 0.5
" -6 * --- 10 0.4 10 0.5

. -.- 10 0.3 8 0.5

-8 .- 10 0.3 12 0.5
i ... 5 0.3 10 0.5

(q/p)cr -0-10 0.3 10 0.4
-10

0 0.1 0.2 0.3

q/p [-]

Fig. 3.9: Ratio of deviatoric stress and initial effective stress (Cyclic Stress Ratio) as afunction qfwave parameters
and water depth.

3.6 Strength evolution and the rheological model

The non-Newtonian behavior of the mud is described with a Bingham model in the 2L FLUID
MUD MODEL (e.g. equ. (3.5) and (3.6)). Therefore we propose to extend the Bingham model
to account for the effects of waves and thixotropy. The general formulation of the Bingham
model is given by Malvern (1969) and reads for stresses/strains in the vertical plane:

8 " 8' >r(3.54)

T 2 - D ,i x,y d rl 3- rB
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where 7 = deviatoric stress tensor, p = dynamic viscosity, rB = Bingham yield strength, Dj:
= rate of deformation tensor, and 11D = second invariant of Diz; we have assumed
T' z D, ; 0. Next, we assume that Diz consists of a contribution by flow-induced

deformation (superscript ) and wave-induced deformation (superscript "'), and that these
effects can be superposed linearly: Di. = D:f + Di."

Furthermore, we introduce a structure parameter to account for thixotropic effects, i.e. the
muddy seabed experiences repetitive liquefaction under wave action and strength recovery
under calm weather conditions. Our approach is based on Moore (1959), who proposed a
simple model to describe such thixotropic effects through a structure parameter 4, (see also
Coussot, 1997). This model can be extended (Winterwerp, 1993, see also Toorman, 1997)
by incorporating this structure parameter also in the yield strength, which reads for stresses
in one vertical plane only:

r = rB,. + 2, + (p, +Ap')* (3.55)

where rB = yield (Bighmam) strength parameter, rB,y = residual yield strength for fully

deflocculated sediment, p, = viscosity for fully deflocculated sediment, /'= a viscosity
parameter, and j = shear rate. The structure parameter A, = 1 for fully flocculated
sediments (all bonds active) and A, = 0 for fully deflocculated sediment (all bonds
destroyed). This behavior is depicted schematically in Fig. 3.10.

sh ar stress r orTr [Pa]

'rB dejA

shear rate y or Dj[s-11

Fig. 3.10: Bingham model extended with general Mohr-concept accounting for thixotropj.

Combining these ingredients yields:

i- /ef ( D/- + D,") (3.56)

in which the effective viscosity peff is given by:

__.__+ 2 r(3.57)
Peff - 2 2
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The flow- and wave-induced rates of deformation are then given by:

D' -- and D q, = q (3.60)
az " d)t

where 4, is the wave-induced deviatoric stress component in x- or y-direction (e.g. equ.

(3.46), (3.47) and (3.5 lb)).

By similar arguments, we scale the soil mechanical parameters with the structure parameter
as well, so that as well the cohesion c and the angle of internal friction 0 become:

c=L,c and t=2,.0 hence K0 =l-sin((,o0 ) (3.59)

This thixotropic model can be used to establish the viscosity and stress terms in the
momentum equation of the 2L FLUID MUD MODEL, e.g. equ. (3.5). Generally, the fluid mud
flow will be laminar. This implies that the friction coefficient A (equ. (3.6) and (3.7)) scales
linearly with viscosity, i.e. we assume:

A = kA /x + A_' (3.60)

5 UL Y-(VL

In which kA is a coefficient to be tuned (from laminar flow theory, k,2 = 64, so we anticipate
10 < kA < 100). Furthermore, the viscosity and Bingham strength in equ. (3.5) and (3.6)
read:

v=(/, + and r, = I-B'. + Ar (3.61)

Note that the viscosity v is also used in the wave-damping module in SWAN - see Section
3.3.

The rate of flocculation is given by Moore (1959):

A- = a(1- A)- bA, JIV (3.61)
dt

where a and b are flocculation and floc break-up parameters, to be determined empirically.

Toorman (1997) found from roto-viscometer tests (4Ii = j')values of a = O{ 10-2 s- and

b = Op-04}. This implies a very rapid response of the seabed to changes in forcing
conditions. This will have to be verified for the conditions under consideration, but most
likely the time scales will be considerably larger.
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Finally, we have to elaborate (3.54) for the 2L FLUID MUD MODEL. This implies that we have
to integrate the wave-induced deviatoric stress q over the mud layer thickness 6:

Q = f4dz. Then lID, both in equ. (3.57) and (3.61) becomes:

io= ±2+ +/(3.63)

It is noted that the denominator of (3.57) becomes zero when Q = um= v', so this will have

to be implemented accurately in the numerical code.

The material parameters a and b have to established from rheological experiments, for
instance through cyclical triaxial tests. We note that from small scale experiments, the time-
scale for recovery appears to amount of the order of (a fraction) of seconds. This seems
unrealistically fast. However, from experience with larger samples, strength recovery is
expected to take place within a period of the order of hours up to a day at most.
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4 Implementation into the 2L FLUID MUD MODEL

The cycle of liquefaction, traction and strength recovery is sketched in Fig. 4. 1 a - d. At t =
0 (i.e. initial model conditions) a maximum liquefiable mud layer is defined by the user
with spatial varying thickness &mx,y;t=0). This mud layer has the properties of the fully
flocculated material, i.e. A, = 1 (e.g. Fig. 4.1a). Then, when waves arrive at the relevant
domain, all or part of the liquefiable mud gets liquefied, and the liquefied mud with
extension Sm(xy;t=-tI) attains the properties of the fully deflocculated material, i.e. A, = 0
(e.g. Fig. 4. lb.). Next, the liquefied mud is transported by the wave stresses, as sketched in
Fig. 4. 1 c (t = t2). Then, strength is recovered, As = 1 again, and a new spatial distribution of
liquefiable mud is obtained (e.g. Fig. 4. ld, t= t).

(a) (b)

Ii uefiable mud liquefied mud

cons olidaied bed congolidatect bed*

........ ... .......

(c) (d)

h h

liquefied mud j, liquefiable mud m.(xyt= )

coqnsolldated be *consolidated be

Fig. 4.1: Spatial extension of liquefiable and liquefied mud

Fig. 4.2 presents the flow scheme of the new 2L FLUID MUD MODEL.

bathymetry & boundary + initial conditions

h, H,,O,a h, 4,u,v Pm,V.I.TB
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h,u,v,' b h,s,U,V,-m
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w J, rheological model
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WL I Delft Hydraulics 4 -1



Modeling of mud-wave interaction Z3672 November 2007

Mud-induced wave transport & wave-induced mud
transport Implementation in DELFT3D

Fig. 4.2: Flow scheme of 2L FLUID MUD MODEL.

Finally, we repeat Table 2.1 describing the phasing of the model development.

Table 4.1: Phasing of the model set-up.
Phase physical process for the given physical see

parameters Sections
I mud-induced wave damping (x,y), I, rB, pn 3.3 & 5
2 wave-induced mud transport (x,y), p, rB, ,,, 3.4 & 6
3 wave-induced liquefaction P, rB, Pm 3.5 & 7
4 strength recovery after Pm 3.6

storm

WL I Delft Hydraulics 4-2



Modeling of mud-wave interaction Z3672 November 2007

Mud-induced wave transport & wave-induced mud Implementation in DELFT3D
transport

5 Application mud-induced wave damping

5. I Validation against laboratory experiments

De Wit (1995) carried out wave damping experiments in a 40 m long wave and flow flume,
with a width and depth of 0.8 m. A false floor was mounted on the flume bottom to create a
0.2 m deep test section of 8 m length in which a dense mud suspension could be placed.
Regular waves were generated with a wave paddle. During the experiments wave height
and period were measured, together with vertical profiles of the flow velocity and
suspended sediment concentration at a number of places, and the total and pore water
pressure at four heights within the dense mud suspension.

Dense mud beds were formed in the test section through consolidation of more dilute mud
slurries. In this report we use De Wit's experiment III, test 3, carried out with China clay
(major mineral component consists of kaolinite) to validate the wave damping module in
SWAN. A slurry of China clay was prepared in a tank by mixing clay powder with fresh tap
water in which 0.5% sodium chloride was dissolved, yielding a sediment concentration of
about 275 kg/m 3. After a consolidation time of six days the concentration increased to
about 500 kg/M3, i.e. to a density of about 1300 kg/m3. The viscosity of this suspension
measured about 2.7-10-3 m2/s, i.e. about 300 times larger than that of water. Though, the
strength of the mud has not been measured, it is estimated at about the liquid limit.

Prior to test 3, two other tests were carried out. During test 1, only waves were generated
with a height of 22 mm, whereas during test 2 also a net flow occurred (velocities of 5, 10
and 15 cm/s) at a wave height of 38 mm. Then the bed was left at rest for another day upon
which test 3 was carried out with waves of 45 mm, but no current.

Fig. 5.1 shows the measured variation of wave height at six locations along the flume after
equilibrium was attained. It is shown that the wave height at the end of the test section has
decreased to about 35 mm, i.e. a reduction by about 20%.

Next, the new SWAN mud wave damping model was used to simulate these measurements.
The model parameters were obtained from the measurements by De Wit (1995); De Wit
and Kranenburg (1997) and are summarized in Table 5.1.

I

E 6

44

.~2 o flume data

* -SWAN

0 2 4 6 8

distance along flume x [m]
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Fig. 5.1. Comparison o measured and computed wave height in laboratoryIume.

The results of the SWAN-simulations are also presented in Fig. 5.1, showing a favorable
agreement between the experimental data and the numerical simulations.

Table 5.1
mud parameters in SWAN mud wave damping model (after De Wit, 1995).

p, [kg/m3] p, [kg/m3] 9,0 [in] ho [m] H [m] v, [m2/s] a
1000 1300 0.115 0.325 0.045 2.6. l03  1

5.2 Application to Guyana coast

5.2.1 Observations

Fig. 5.2 shows an aerial photograph of the breaker zone at Demerara coast of the Guyana
coastal system. Towards the west (right-hand part of the photo) white bands of foam,
characteristic for wave breaking, are clearly visible. Further to the east, no foam is visible;
in fact hardly any waves can be observed.

However, no detailed wave data in the Guyana coastal system are available at present from
which the wave attenuation over the muddy seabed can be assessed quantitatively. Only
some general data have been reported by NEDECO (1972) on decreases in wave heights
under average conditions from 1.3 to 0.3 m and under extreme conditions from 4 to 1.2 m.

Fig. 5.2: Aerial photograph of wme braking and wave damping at Gulana, Demerara coast.

A good qualitative picture can be obtained from data a similar site though. Fig. 5.3 depicts
the measurements by Wells and Coleman (1986) of wave spectra at three locations in the
Surinam coastal waters. The spectra consist of two parts: a strong peak at T, = 9 - 10 s,
where T,,. is the wave period, reflecting energy in the swell from the Atlantic Ocean and a
wider band between T, = -2 and -5 s, reflecting the energy in locally generated waves. The
total wave energy has dissipated by about 88% at the middle measuring station (i.e. over a
distance of about 9 km) and for 96% at the most near-shore station. Note the difference in
vertical scale in the graphs. The conditions at Surinam coast are so similar to those at the
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Guyana coastal, that it is believed that the observations of Fig. 5.3 are characteristic for the
Guyana coastal system as well.

As explained before, the strong wave attenuation shown in Fig. 5.2 and 5.3 is expected to
be caused by viscous dissipation in the liquefied seabed. Unfortunately, up till now we
have no direct measurements of such liquefaction, and we have to rely on physical
interpretation of other data. Fig. 5.6 shows the filtered results of recent dual frequency echo
soundings along a cross section perpendicular to Guyana coast. The upper signal (210 kHz)
reflects the top of the soft mud bed, whereas the lower signal (33 kHz) reflects some of the
structure within the bed. This graph reveals a small pool of fluid mud only, depicted by the
gap between the two signals at around x = 8000 m. The irregularity of the lower frequency
echo signal is typical for layered mud deposits. This is further depicted in Fig. 5.5, showing
reflections from a 20 kHz sub-bottom profiler applied by Delft Hydraulics Laboratory
(1962) in the vicinity of Demerara river mouth. The multiple reflections are typical for
stratified mud deposits; the thickness of the layers is estimated at about 1 - 2 dm (the
vertical resolution is not known unfortunately, but can be estimated from the amplitude of
the wavy acoustic signal3"). This layered structure cannot be caused by sedimentation
events, as the sedimentation rate in the Guyana coastal system is not driven by episodic
events. Hence, this stratification can only be caused by frequent, incomplete liquefaction of
the seabed.

3 These small acoustic waves are marked by an ellipse in Fig. 5.5. There amplitude a follows from a
= c/f, where c is the speed of sound in the seabed (c : 1500 m/s) andf is the frequency of the
acoustic wave (f= 20 kHz). Hence, a z 7.5 cm.
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From this analysis we deduce from Fig. 5.4 and 5.5 that the thickness of the liquefiable bed
amounts to about 2 m, and we infer that we can assess the thickness of the fluid mud layer
and its extension from spatial data on the echo-soundings.

The in-situ density has been measured by NEDE,CO (1972). They found values for Pmr
ranging from 1300 to 1500 kg/in 3. As variations in density cannot be very large, and as the
dissipation function is not very sensitive to small variations in density, we take an averagevalue of Po = 1400 kg/in 3.

Some viscosity measurements have been carried out by NEDECO (1972), as well, with
ranges between r/= 0.1 - 10 Pa.s. As these data are not very accurate, the viscosity is our
main calibration parameter.
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Fig. 5.4: Filtered acoustic reflections from dual frequency echo sounding (/ 210 & 33 kHz) along a cross

section in Guyana coastal system perpendiculars to the coast.

Fig. 5.5: Acoustic reflections from sub-bottom profiling (fz 20 kHz) in Guvana coastal system, Demerara

mouth (Delft Hydraulics Laboratory, 1962) - the vertical scale is not known, but estimated at about 0. 5 m.

5.2.2 Simulations

The modified SWAN-model (as described in Chapter 3) is applied to the wave model
covering a large part of the Guyana coastal system, including the Essequibo estuary (see
Fig. 5.6). The model covers a 250 km wide coastal area and extends about 85 km offshore.
The depth at the offshore boundary of the model varies between 135 to 40 m.

WLI ieft Hydraulica 5-5



Modeling of mud-wave interacton Z3672 November 2007

Mud-induced wave transport & wave-induced mud Implementation in DELFT3D
transport

90

875-

850-

825 depth (m. MSL)

0 <C.

320 0 54(4050
Wati'Zam PADO

92 V0.0

900.0.

75.40

Ese5io0k".0 '

7CO.

800.0 
00+5 

-

2200 00 in0 the0 Esseuib esur,nerGogtonadintenashr0oe

925.0-a. PAD9

Fig.057 opttoa uvlnargi fG n aemdl

WI ~ ~ ~ ~ $5 I ef yralc -



Modeling of mud-wave interaction Z3672 November 2007

Mud-induced wave transport & wave-induced mud Implementation in DELFT3D
transport

Considering the presence of relatively long waves, the width of the energy distribution was
taken at ms = 10 (instead of ms = 4 in case of wind-generated waves) in the wave model.
For the wave spectrum a directional resolution of 10' was adopted over the full circle. The
frequency spreading was schematised using 31 discrete frequencies between 0.05 Hz and 1
Hz using a logarithmic scale. For the remaining parameters the default settings of the SWAN

model were used.

The SWAN mud wave damping model requires as input the thickness of the (fluid) mud
layer in the model area. This was defined as the difference between the high frequency
echo reflections and the lowest 10% of the low frequency echo reflections (see Fig. 5.4).
The resulting spatial varying mud layer thickness varying between 1 m and 5.5 m, as
indicated in Fig. 5.8.

xi05
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8.2

8

t

97.8.

7.6-

7.4 -

7.2-

3 32 3.4 3.6 3.8 4 4.2 4.4
easng (m)-. x101

mud ayw ftlcm (in m)

0 1 2 3 4 56

Fig. 5.8. Mud laver thickness as applied in SWAN mud wave damping model.

The model is calibrated on the basis of a comparison of average wave heights observed at
three nearshore locations, as presented in NEDECO (1972). The observation locations are
indicated in Figure 5.6. The objective of the calibration is to optimise the settings of the
input variables of the SWAN mud wave damping model. A further calibration of the model
on the basis of simultaneous offshore and nearshore measurements is not possible as no
simultaneous nearshore wave measurement data are available at present.
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In NEDECO (1972) average and maximum wave heights at three nearshore and one offshore
locations are presented. Considering the dynamic behaviour of the (mud) bed at the location
of the nearshore observations, it is very likely that the current seabed differs from the seabed
at the time the observations were made. Consequently, it is not possible to make a direct
comparison between the nearshore observations and model results (based on the current
bathymetry). It is therefore not possible to accurately represent these observations.
However, we require them to be of the same order of magnitude as an indication to whether
the damping of the wave energy is properly represented by the SWAN mud wave damping
model.

As no detailed information was available on the characteristics of the fluid mud itself, the
mud parameters had to be assessed from literature or sensitivity analyses. We kept the
density of the fluid mud constant, as this is expected not to vary too much. The mud's
viscosity is determined by trial-and-error and is thus basically a calibration factor. The
selected values are given in Table 5.2. Computations were carried out with v,, = 0.01, 0.001
and 0.0001 m2/s.

Table 5.2
Input parameters and settings for the SWAN mud wave damping model.

Parameter settings

thickness of the fluid mud layer 4,, spatially varying on computational grid [m]

density of fluid mud, Pm 1400 kg/m3

density ofwater, p,, 1010 kg/m3 (at T= 25°C and S= 20 ppt)

viscosity of fluid mud, Vm calibration parameter [m2 /s], ranging between 0.01 and 0.0001 m2/s

calibration parameter, a 1.0 [-1
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Fig. 5.9: Cross-shore profiles ofsignificant wave height (top) and depth (bottom) showing the effect of

varving values for the viscosim.

The effect of the varying Vm during an extreme wave condition (H,o = 4 m, Tp = 10 s
accompanied by a NE wind of 12.5 m/s) on the significant wave height is presented in Fig.
5.9. This figure shows cross-shore profiles (approximately located at Hope Beach, see Fig.
5.6) of the significant wave height and depth profile as well as the thickness of the fluid mud
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layer as schematised in the SWAN model. It shows that the mud's viscosity has an important
effect on the wave attenuation.
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Fig. 5.10: Computed cross-shore profiles of significant wave height; peak and mean wave period; wave
dissipation; and depth prqftle together with the thickness of the.fluid mud lcer as schematised in the SWAN-

mud model (v,, = 10-3 m2s).

In our further analyses we apply Vm = 10- m2/s (i.e. Tim = 1.3 Pa-s), as this value gave the
best results; moreover, this is a typical value for muddy beds at the observed densities. The
effect of fluid mud-induced wave damping in the wave computations is shown in Figure
5.10 for an extreme wave conditions from the ENE direction. This figure presents cross-
shore profiles of the significant wave height (Ho); peak and mean wave period (T, and
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;wave dissipation (Sb,); and depth profile and thickness of the fluid mud layer (ho

and t,O) as schematised in the model. Figure 5.9 shows that:
The mean wave period decreases strongly over the fluid mud layers, with a stronger
dissipation of the low-frequency waves;
The wave heights start to decrease a about 25 m water depth with a relative decrease up to
50% at about 5 m water depth when taking into account wave damping by fluid mud;
The dissipation of wave energy starts at the offshore end of the fluid mud layer and is fairly
constant towards the coast. In case wave damping by fluid mud is not included in the wave
model, a peak in wave dissipation is found at the coastline, where the waves break due to
depth limitation. The latter not being observed at the area of interest of Guyana coastal
system.

The effect of wind-generated waves on the wave climate is illustrated in Fig. 5.11 showing
one-dimensional wave spectra at three locations for an extreme wave condition (H = 4 m)
from the NE direction. The simulation includes wave damping by fluid mud. Note the
growth of wind-generated waves (at a frequency of about 0.2 Hz) towards the coast and the
dissipation of the swell (at a frequency of about 0.1 Hz). In this case the peak period shifts
from 10 s offshore to 5 s at a nearshore location. The energy of the > 0.2 Hz waves reduces
by a factor 3 from A to B, and at their peak by a factor 5.10. This uneven behaviour in
dissipation is owing to the effects of bed friction and/or viscous dissipation in the mud layer.
The latter effect, however, is by far the larger of the two (e.g. Fig. 5.10). This process of
wave attenuation towards the coast agrees qualitatively with the measurements by Wells and
Coleman (1986), see Fig. 5.3.

E

36 0.0 80 0 400 0 420. ) 440.0 4 0. 0 4 0.0

easting (kr-. :'A058)

Fig. 5.11I: Computed wave spectrum at three locations in Demara,a coastal system with (black line) and

without (red line) locally enerated waves (note different scales).

Table 5.3 presents the comparison between historical nearshore observations described in
NEDECO (1972) and the model results with and without the fluid mud-induced wave
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damping. Here it is concluded that when including the SWAN mud wave damping model
(with the above variable settings), the damping effect of the wave energy is in reasonable
agreement with the observations. Wave heights are significantly being overestimated in case
fluid mud-induced wave damping is not included in the SWAN simulations.

Table 5.3
Comparison between historical observations (NEDECO, 1972) and model results with
= 0.001 m 2/s.

Location observed H, [m] Computed H, [m] Computed H, [m]
with fluid mud without fluid mud

Average wave conditions
Offshore 1.3 1.3 1.3
Buxton 0.6 0.6 1.0
Demerara 0.5 0.6 1.0
Beacon
Kitty Groyne 0.3 0.1 0.5
Maximum wave conditions
Offshore 4.0 4.0 4.0
Buxton 2.0 1.6 2.9
Demerara 1.3 1.5 2.8
Beacon
Kitty Groyne 1.2 0.4 0.9
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6 Application of wave-induced mud transport

Sakakiyama and Bijker (1987) describe experiments in a horizontal wave flume, measuring
both mud-induced wave damping and wave-induced mud transport. A bed of kaolinite and
fresh water was placed in a test section in between two wooden false floors. The test
section was 12 m long and the mud thickness amounted 0.095 m, whereas the flume was
0.5 m wide. Mud beds with a density varying between 1140 and 1380 kg/m3 were prepared.
Wave heights were varied between 1 and 4.4 cm, at wave periods varying between 0.6 and
2 s. The water depth was kept constant at 0.3 m.

Sakakiyama and Bijker (1987) measured surface wave height and attenuation, the height of
the water-mud interface, and the velocity within the mud layer. Also, viscosity and strength
of the mud layer were established independently.

The series at the highest mud density are most interesting as they show considerable wave
damping at higher wave heights and ditto mass transport in the first part of the mud bed,
whereas in the second part of the mud bed, waves are damped so much that liquefaction
nor mass transport was measured. This is depicted in Fig. 6.1, showing for the higher initial
wave height damping over the first 7 m of the test section, where after the wave height
remains constant at about 1 cm. When the initial wave height amounted to 1 cm, no
damping occurred; apparently, the mud bed could not be liquefied.

4

e test series A7; HO = 3.8 cm

3 A test series A7; HO = 1.0 cm

T

- 8

iU

I AAAA AAIAA AAAAA AA

0

0 5 10 15
length x [m]

Fi . 6.1: Wave attenuation measured by Sakaivama and Biker (1989).

When mobile, the velocity within the mud bed amounted to about 0. 1 - 1 mm/s, which was
measured at about x = 3.5 m. The vertical velocity profiles were very homogeneous with
little vertical gradients.

Fig. 6.2 shows very little variation of mud velocity with wave height. This implies a
balance between the wave-induced traction and friction (yield stress), where the traction is
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a linear function of the dissipation rate and gradient in wave energy. The dissipation rate
appears to be more or less constant along the flume over the section where waves are
damped, e.g. Fig. 6.1.

0.8

E
E

0.6

> 0.4

E

"5 0.2

0
0 1 2 3

wave height H [cm]

Fig, 6.2: Fluid mud velocities measured by, Sakakivama and Bijker (1989).

The parameters describing Sakakiyama and Bijker's series A experiment are given in Table
6.1.

Table 6.1
mud parameters in 2L FLUID MUD model (data after Sakakiyama and Bijker (1989).

p,, [kg/m3] p. [kg/m3] '5,. [m] ho [m] H [in] T [s] Vm [m2s] a
1000 1370 0.09 0.3 0.035 1.0 (1 -2).10- 2  1

Dus test som bestaat uit eerste 5 m van goot, conform Fig. 6.1. Narekenen van het hele
experiment is zinnig als we ook rheologisch model hebben ontwikkeld

Eerste serie numerieke experimenten:

The first series of numerical experiments to test the combined effects of fluid mud induced
wave damping and wave-induced fluid mud transport is carried out on a horizontal or
sloping bed with waves at perpendicular direction - this simulates a coast with cross-shore
waves. This lay-out is sketched in Fig. 6.3.

We carry out two series of experiments, Series 1: now waves, series 2: with waves. In both
series, the slope of the bed i is increased in small steps from 0 to 10-3 rad., and in both
series there is no water flow in the upper layer. Moreover, erosion, entrainment,
sedimentation and consolidation are not included. The entire length of the model amounts
to 2.5 kin, with 20 m horizontal resolution. The width of the model is set to 2 km, and the
width of the fluid mud layer at 1 km. Table 6.2 gives an overview of the various
parameters:
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L

Lm

Wave 
B

direction~B

Fig. 6.3: Sketch Sei-ies I and 2 numerical expet-iments; side- an7dplan v'iew.

Table 6.2
mud parameters in 2L FLUID MUD model for Series I & 2 experiments.
parameter value comments

ho5 m largest depth in model - shallower "towards beach"
L 2500 m
B 15,000 m very wide because of wave spreading

& ~0.2 m
Ln60 (60) 600 m to be varied
L, ! 150 m
B,600 m symmetrical within overall domain

A:T=Ay 20 m
At 2 min based on internal celerity and Cr = 5;

to be varied (At = 0. 5; 1; 5; 10min)
i0 (0. 2 -0-~) 10-' rad to be varied
Hs 2.0Om

T 8s

Pw 1000 kg/rn3

1370 kg/rn3

V,n 1.10-2 M2/S
rB I Pa
A 0.02 corresponds to C z60 m"-s
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The time step follows form the internal wave speed ci = (p,,-pw) gd, /p, and a

Courant number not larger than about 5. Hence, At <_ 5Ax/ci, i.e. 117 s for the values of
Table 6.2. Thus At is set to 2 minutes as a reference.

The configuration of Fig. 6.3 needs some refinement, as the density gradient at the edges of
the fluid mud is too large to remain stable conditions in case of even a horizontal bed.
Hence, edges as sketched in Fig. 6.3 should be added. Their length can be deduced from
the balance between density gradient and bed shear stress (equ. (3.5)):

gap 04m  'rz-,i = 0 (6.1)
P,. Oxi p m

This leads to L, >- g 2Ap/rB , amounting to 147 m for the values of Table 6.2.

The wave length for these conditions amounts to about 32 m, hence the real wave number
k. = 0.2 m"- and kho = 0.98. We have chosen the conditions such that the imaginary wave
number is near its maximum, estimated at ki z 0.001 m-. Hence, within 150 m, 95% of the
wave energy is expected to be dissipated within the fluid mud layer.

The Bingham strength rB is chosen such that the fluid mud should start to slide downhill at
a bed slope i > 0.5 l0-3 rad.

What effect of waves can be expected? For waves perpendicular to the coast (in x-
direction), 0 = 0, and the radiation stress in this direction for monochromatic waves
amounts to

0 10 pdH;.=__(pg(2n-l/2)E)= 1 (pg(n-1/2)H) 8-_x (6.2)ax 8 a3x " 8 dx(62

As 2n - 0.5 = O{ 11. We have selected the wave-mud conditions such that &m(O/2 v)0- =

0.2"(7r/8/0.01) 0 5  = 1.25, which yields about maximum damping. As
= exp{-kix},. dH-2dx=-ZkH Substitution in (6.2) and use of (3.42) yields:

-rm - g - k,H (6.3)Pm, P,1778 ,,r..... 4Si I

From our SWAN simulations we found that ki z 0.5"10 .3 m'. Further, 42/i2 z 0.1, and we

find r,m.,/pm6, : 0.6.10-3H2 (= 0.0024 for H, = 2 in). This acceleration is small

compared to gravitational effects of the mud on a slope. For instance a = 0.001 one finds
gApa/p = 0.0036. Only for waves with H, > 2.5 m, the radiation stresses will exceed
the gravitational effects.
However, in that case, the Bingham strength is still working, and the difference between
the radiation stresses and gravitational effects for the conditions under consideration will
never be large enough to overcome the Bingham strength and move the fluid mud uphill.
This implies that this is only possible when the mud is truly liquefied and has lost all its
strength.
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7 Application of wave-induced liquefaction

To be completed
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A Appendix: List of symbols

A wave semi-orbital excursion
a aggregation coefficient in rate of flocculation equation
b break-up coefficient in rate of flocculation equation
C, coefficient in entrainment model
C, coefficient in entrainment model
c sediment concentration by mass in upper layer
c cohesion
CO cohesion at fully flocculated conditions
C wave celerity
Cg group velocity
Cim sediment concentration by mass in fluid mud layer
c, consolidation coefficient
D horizontal dispersion coefficient
D5 0  median floc size
Dij rate of deformation tensor
D,,, settling from upper layer
E total wave energy
E' wave energy density
Eb erosion consolidated bed
E,, entrainment rate
eijk permutator: e = 1/-1 for cyclical/anti-cyclical i,j, k, otherwise e 0.
Fi wave-induced traction on fluid mud (streaming)
f Coriolis parameter
f,s friction coefficient for waves
g gravity
H wave height
h thickness of upper layer (% water depth)
ho initial thickness of upper layer
Ko coefficient of lateral stress
Kk permeability coefficient
Kp effective stress coefficient
k permeability
k wave number
ki imaginary part wave number (wave damping)
kr real part wave number
kA coefficient in friction coefficient
k, coefficient in erosion formula
k2  coefficient in formula for critical shear stress
ME erosion parameter
N wave action density
N number of wave cycles during liquefaction
N[ number of wave cycles at liquefaction
n1  fractal dimension
PI plasticity index
P,,. wave-induced stresses on the seabed
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p pressure
p isotropic stress
po initial isotropic stress (i.e. prior to liquefaction)
Pw amplitude wave-induced stresses on the seabed

Q deviatoric stress integrated over fluid mud layer thickness

q deviatoric stress
4 amplitude deviatoric stress

R complex relative wave number
Re Reynolds number
Ri- bulk Richardson number

S salinity
S switch function: S(x) = x for x > 0
S', fluid mud induced wave dissipation

T, stress tensor
t time
Ui depth-mean velocity in upper layer
u velocity of upper layer in x-direction
UE Eulerian velocity
UL GLM velocity (Generalized Lagrangean Mean)
Us stokes drift

Uo,.b orbital wave motion
u* shear velocity of main flow
u-,/ shear velocity by main flow
l*,m shear velocity at water-mud interface
u*,.w shear velocity by waves
u,, velocity of fluid mud layer in x-direction
v flow velocity in y-direction
v. velocity of fluid mud layer in y-direction
W, consolidation velocity
W, settling velocity
W vertical velocity
w, vertical velocity of solids
x longitudinal co-ordinate
Y longitudinal co-ordinate
Zb elevation of consolidated bed with respect to reference level
Zm, elevation of water-mud interface with respect to reference level
Z, elevation of water surface with respect to reference level
11D second invariant of rate of deformation tensor

a calibration coefficient fluid mud induced dissipation
J thickness fluid mud layer
&l,,x maximal (user-defined) thickness fluid mud layer
o initial thickness fluid mud layer
Ap density difference over water-mud interface
FT  turbulent eddy diffusivity
. shear rate

r7 elevation of water surface
r72 elevation of interface
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0 wave direction
A friction coefficient
Ag complex Stokes number
A, structure parameter
pi mud viscosity
,u' mud viscosity parameter
p,,, residual mud viscosity at fully deflocculated state
v kinematic viscosity
Vn viscosity mud layer
t - turbulent eddy viscosity
p fluid density of upper layer (taking into account the effect of salinity)

pd, , dry bed density (mass concentration) of fluid mud layer
p, bulk density of fluid mud layer
(T wave number (frequency)
or normal and/or principal stress
Cr_ vertical effective stress

r shear stress
rb bed shear stress
rB Bingham strength
rB Bingham strength parameter

TB, residual Bingham strength at fully deflocculated state
r,e critical shear stress for erosion
rd critical shear stress for deposition
rz shear stress at level Z (i.e. water surface, interface and base of mud layer)
v Poison ratio
0 angel of repose / internal friction
4 volumetric concentration
4 phase angle water elevation and flow velocity of surface waves
Oo angel of repose / internal friction at fully flocculated state
0' phase angle between surface and internal waves
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